Abstract. After a long period of mainly static application of ISFETS, other more sophisticated applications are now being developed, based on the exploitation of the dynamic properties of ISFETS. Examples are the use of flow-through cells with sample injection and the integration of a p H actuator electrode for very fast titration in a microvolume. Also, the most recent development of an immunoFET makes use of induced transient phenomena.
Introduction
In the early ISFET publications, dealing mainly with pHsensitive devices, this new type of sensor has always been compared with the well known glass-membrane p H electrode, because of the SiOz layer in contact with an aqueous solution. The initial assumption was that the mechanism of ISFET operation should be similar to that of the glassmembrane electrode: at the surface a gel layer should exist, which exchanges H+ ions with the aqueous solution? resulting in a diffusion potential according to the Nernst theory. The sensitivity of an ISFET was therefore expected to be the same as for a glass-membrane electrode (i.e. Nernstian) predicting 58 mV/pH. If this was not observed, as was the case with SiOz and Si3N4, it was seen as an unexplained deviation from the theoretical value. Since about 1980, however, it has been recognised that the existing models in the colloid chemistry literature, which describe the oxide-electrolyte interfacial potential, were also applicable to ISFET devices, the most relevant model being the site-dissociation model. It could be proven that even with relatively simple theory, using parameters taken from the site-dissociation and double-layer models, experimental data from devices having surfaces with widely different reactive properties could be interpreted [ l , 21 . Application of inorganic layers such as A1203 and T a 2 0 S deposited on the original S O 2 gate material improved the p H sensitivity of the devices, which could be fully explained theoretically.
Although the operational mechanisms of ISFETS and glass membrane electrodes -surface site dissociation and ion exchange respectively -are thus quite different, the original idea of their similarity is still maintained. This. however, is not unrealistic, because the non-Nernstian response of an ISFET is in fact adapted, in the related theory, by multiplying a Nernstian response by a dimensionless sensitivity parameter smaller than unity (see equation (6)). Furthermore it is striking that modern theories concerning the explanation of the glass-membrane electrode response make use of the sitedissociation theory [3] applied to reactive sites which are not only located at the surface, but also inside a surface gel layer.
Concerning their applications as well as the theoretical aspects, ISFETS were seen as a replacement for the glass- absolutely essential that the sensor be as small as possible and very rigid, properties inherent to the modern silicon sensors to which class the ISFET belongs.
Although the fundamental behaviour of the oxideelectrolyte and the glass-electrolyte interfaces, in the case of an ISFET and a glass-membrane electrode, respectively. are now fully understood and can be described theoretically in relation to each other as mentioned above, the way of measuring the corresponding interfacial potentials in each case differs, however, to a large extent. as will be explained in the following section. This difference will be shown to be essential to the explanation of the observed difference in stability between ISFETS and glass-membrane electrodes.
Basic ISFET theory
In order to compare the modes of operation of ISFETS and glass-membrane electrodes in an actual measuring set-up, the basic ISFET theory should first be considered.
The ISFET can be seen as a special type of MOSFET. with the gate at a certain distance. Therefore we have to start the operational description with the basic MOSFET theory. Figure 1 shows a schematic representation of an n-channel metal oxide semiconductor field effect transistor (MOSFET). It consists of two n-type diffusions, the source (S) and the drain (D), in a p-type silicon substrate. The structure is covered with an insulating layer of silicon dioxide on top of which a metal gate electrode (G) is deposited over the area between source and drain. When a positive voltage is applied to the gate with respect to the source, electrons (which are the minority carriers in the substrate) are attracted to the surface and create a conducting channel between source and drain. The conductivity of this channel can thus be modulated by the strength of the electric field that exists in the gate insulator between the metal gate electrode and the silicon. Therefore, the device is called a metal oxide semiconductor field effect transistor or MOSFET. In the first-order MOS transistor theory, the equation for the drain current. ID. in the unsaturated region where , U is the electron mobility in the channel, CO, the capacitance per unit area of the oxide, WIL the ratio of channel width to length, V, and VD the applied gate-source and drain-source voltages respectively and V, the threshold voltage, which can be described as follows:
where QB is the bulk depletion charge per unit area, qF is the Fermi potential difference between the doped bulk silicon and intrinsic silicon and VFB is the flatband voltage given by
c o x where and Os, are the metal and silicon work functions respectively, while Qlt and Ql are the trapped interface charge and fixed oxide charge respectively, both per unit area.
In the first instance, the operation of a MOS device in the unsaturated region can be explained fully by these three equations. In the saturated region (VD>VG -VT), equations (2) and (3) are still valid, but equation (1) has to be replaced by
(4)
The sensitivity of FET-based chemical sensors can be explained by the chemical modulation of one or more of the distinguishable parameters in these equations, as will be discussed below in the case of an ISFET. As already mentioned. the ISFET can be seen as a special type of MOSFET, but with the gate at a certain distance. The ISFETS first developed and most frequently described are of the pH-sensitive type. With these devices, the gate metal of the original MOSFET is simply omitted and replaced by an electrolyte solution which is contacted by a reference electrode. This is shown schematically in figure 2. The metal part of this reference electrode can be considered as the gate of a MOSFET, and consequently the original MOSFET equations can still be applied. However, in this case the flatband voltage VFB as given in equation (3) In this equation, the chemical sensitivity of the ISFET is included; E,,, is the absolute reference electrode potential and ( -q0+ xso') is the the potential that develops over the electrolyte-insulator interface. The surface dipole potential of the solvent, xso', can be considered to be constant. The surface potential
The p H dependence of qo forms the actual basis for the chemical sensitivity of the ISFET and can be described by the site-dissociation model [I, 21 as mentioned in the previous section, resulting in the following equation: depends on the p H of the solution.
under the condition that p %-qli.'o/kT. In this equation, pH,,, is the p H of the solution at which no net surface charge exists (so-called point of zero charge). @ is a parameter that reflects the chemical sensitivity of the gate insulator, depending on the density of hydroxyl groups and the surface reactivity. With this model, the sensitivities that are found for commonly used insulators like S O z , A1,03 and T a 2 0 j can be explained excellently.
The glass-membrane electrode
As already mentioned in 5 1, the potential at the glasselectrolyte interface shows pure Nernstian behaviour, as described by the following equation:
In contrast with the ISFET, because the inner side of the glass membrane is contacted with an electrolyte, an additional interfacial potential, y;i, occurs, also obeying equation (7). This is drawn schematically in figure 3. Besides an external reference electrode as applied in the case of an ISFET, an internal reference electrode is now also applied, resulting in two series voltages, Eref and ,Fief, in the measuring circuit. If the internal resistance of the electrometer amplifier, R,, is very large with respect to the bulk resistance RBlasr of the glass membrane, the output of the amplifier will accurately reflect V0(pH) with respect to the p H of the internal electrolyte (usually p H 7). assuming that E,ef=
Stability of ISFETs versus stability of glass-membrane electrodes
Comparing an ISFET and a glass-membrane electrode, we note that both devices measure $!lo, even with the same sensitivity for high values of / 3 in the case of an ISFET. In this respect the ISFET , two devices do not differ at all. However, a large difference manifests itself with respect to the offset.
While in the case of a glass-membrane electrode only a small offset occurs due to a slight asymmetry between the inner and outer glass surfaces as well as the reference electrodes, equation ( 5 ) shows that the ISFET exhibits a large 'offset', related to the physical constants in the value of the flatband voltage. These constants depend on the specific manufacturing process of MOSFETS and ISFETS. This means that in the gate dielectric, certain charges are present which are not necessarily immobile. Because an electric field is always present in the gate oxide, a small displacement of these charges may occur, resulting in a certain amount of device drift. Moreover, in the case of an ISFET with two dielectric layers (SO,: and A1203), additional charges may set up at the interface between these two insulators, while it is also reported that top layers such as A1203 show a certain polarisation, which will also result in a long-term drift [5] . These effects are typical for ISFETS and related devices, while they d o not exist in glass-membrane electrodes because in the bulk of the glass membrane, no electric field is present, due to its conducting properties. This means that no space charges can be present in the glass and thus no drift phenomena can be expected. Therefore glass-membrane electrodes, as such, will definitely show better long-term stability than ISFETS. Considering the amount of research that has already been done to improve the drift behaviour of ISFETS, it is not very likely that their stability will approach that of glass-membrane electrodes in the very near future. However, their having such small dimensions combined with a very fast response means that ISFETS are very useful candidates for many chemical-sensor applications, for which various methods have been developed to decrease the effect of the intrinsic ISFET drift, as will be described in the following sections.
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Compensation of ISFET drift
Experiments with A1203 ISFETS show that the drift rate stabilises after about 30 minutes of contact with an analyte and can be estimated as a linear function of time for at least the next 20 h [6] . It is found that the origin of this drift is a solid-state effect, located within the A1203 layer, because it is also present in MAOSFET test devices made in the same wafer as the ISFETS. This means that the drift of a certain batch of ISFETS can be predicted from the behaviour of the test devices, the value of which can, for instance. be stored in a PROM which is an integral part of the ISFET lead connector. The signal conditioner to which a particular ISFET is later connected 680 reads the predetermined drift behaviour and compensates for it. This procedure has been used with the Sentron catheter-tip p H electrode [4] . in which case the stability of the measurement could be guaranteed within 0.02 pH unit during 10 h of continuous in vivo measurement. It may be expected, adapting the process parameters during the deposition of the A1,03 layer, that the drift behaviour of the ISFETS can be better fixed to a predetermined value, making it possible to use the compensation method as mentioned above even for much longer periods of time. It should be noted. however. that the application of a compensation technique relies fully on the invariability of the quantity to be compensated, which in general cannot be said of exponentional functions, by their nature. Therefore it cannot be expected that the procedure of drift compensation would be a definite solution to drift problems of ISFETS in long-term applications, such as for implantable use. In this way the temperature sensitivity as well as the drift of the ISFET is compensated for, as these quantities are the same for ISFET and MOSFET. In this case one has to rely on the ability to perfectly match the parameters of both devices. such as the threshold voltages and their stability, which is, however, not yet possible with the present NMOS processes in use for the fabrication of ISFETS. Therefore, this approach is not expected to be a definite solution to the drift problem.
Application of ISFET-REFET pairs
A similar approach to that mentioned above is the application of a second ISFET made insensitive to ions, called REFET, connected in a differential circuit with the ISFET to be used for ion sensing [SI. This system is drawn schematically in figure 5 . Although the main reason for this development is the replacement of a liquid-filled reference electrode by a pseudo-reference electrode (Pt wire), made possible by the differential set-up, an additional feature would be the inherent compensation of equal deviations in both devices, such as the temperature-induced variations as well as the drift. Here, however, the same limitations as in the case of an ISFET-MOSFET pair show up. The system will operate better than a single device, but it cannot be expected that the compensation will be perfect for a particular couple, because of the inability to match FETS perfectly with respect to stable threshold voltages.
Alternative methods
It should be noted that in all the systems described above, the ISFETS are explored for continuous and static applications. The drift problem therefore manifests itself strongly. The idea arises whether a sampling technique would not be more appropriate, whereby the response of an ISFET is determined alternately with respect to a carrier electrolyte and a sample of the analyte. In such systems the excellent dynamic properties of ISFETS and their small dimensions and planar structure are a great advantage, implying the ability to make very fast measurements in microlitre volumes. The following examples will show the validity of this approach in the application of tiny flow-through cells, microlitre titrations and the development of a novel immunoFET.
Flowthrough cells with incorporated ISFETS
The most sophisticated flow-through cell with integrated ISFETS and an analyte chopping analysis system has been developed by Sibbald and Covington 191 , for which a schematic diagram is shown in figure 6 . The aim of this development was the construction of an on-line blood-ion analyser as an alternative to catheter-tip sensors which have the disadvantage of intracorporeal usage. The flow cell contains one chip with four ISFETS, each having a particular membrane for selective measurement of one specific ion. The ISFET responses are measured with respect to a conventional type of (micro)reference electrode, placed at the output of the flow cell. Blood samples are sent alternately with a calibration solution to the flow cell, which is inserted in the carrier solution by means of a valve mechanism. The design considerations of the whole system have been governed, more or less, by the specific blood-related complications and not by the reduction of drift problems as such.
In view of the considerable physiological variations in physical and (bio)chemical properties of blood as well as the unknown effect of the addition of anticoagulants, the sample length in the tubing of the system is chosen such that the ISFET as well as the reference electrode in contact with the blood sample are in electrochemical equilibrium at the time of measurement. This means that it is the equilibrium potential and not the transient potential, as is usual with FIA systems, that is used as the signal of interest. The sampling period is therefore at least 25 s.
A similar but more straightforward approach is applied in the microcell system developed by Gumbrecht et a1 [lo] . as represented schematically in figure 7 .
This microcell contains two identical ISFETS. The cell is connected to a double-lumen catheter with a slightly recessed inner lumen. Both ISFETS can be measured with respect to a pseudo-reference electrode (Pt wire) as in the ISFET-REFET differential set-up as described in the previous section. To calibrate the ISFETS, a calibration soluticn is pumped through the outer lumen of the catheter into the bloodstream. With a second pump a fraction of this solution is withdrawn from the tip volume near the inner lumen and drawn into the microcell. This situation is illustrated in figure 7(a) . The ISFETS can now be set (or reset) to the same baseline. After that, the flow direction in the outer lumen is reversed for some seconds. resulting in an uptake of blood into the cell as illustrated in figure 7 ( b ) . Now one of the ISFETS is in contact with the analyte, while the other is still in contact with the baseline solution, resulting in a differential signal. Next, both ISFETS come into contact with the analyte and the differential signal should again be zero. Finally, the second ISFET comes into contact with the analyte, while the first is again in contact with the calibration liquid by changing the flow direction in the outer lumen. The time delay between the calibration and the actual measurement is only 15 s, remarkably reducing drift effects.
Note that the two chemical sensors are identical (both ISFETS) and d o not differ in their chemical response as in the case of an ISFFET-REFET pair as described previously. This is essential for the reset procedure.
ISFETS applied as a null detector
Although the measurement system as a whole is much more complicated than the semi-FrA system as mentioned in the previous section, Tamura et a1 [ll] developed a p H monitoring system in which the actual application of the ISFET, as such, is much simpler than in any other system. The ISFET is used only as a null detector, eliminating the drift problem completely, and the sensitivity of the ISFET is then not important. The system makes use of a servo control loop, which allows the equilibration between blood and a reference solution blended from two standard buffer solutions, as shown schematically in figure 8 . Actuators)
The blood is able to change the p H of the reference solution via a membrane, the result of which is measured by the ISFET in an alternate cycle with the original reference solution. A measured difference activates the servo control to adapt the pH of the reference solution in such a way that both measurements result in the same p H reading. This is the p H of the blood. Due to the fast response of ISFETS. the measurement cycle can be as short as 8 s.
ISFETS applied as an indicator electrode
The examples mentioned in the previous sections were all devoted to the monitoring of blood pH. In the sequence of examples, the actual application of the ISFET progressed from an equilibrium measurement over a short period to a transient measurement and finally only a null-detector function. A recent development in quite another field of application is found in the integration of a pH-sensitive ISFET and a p H actuator, resulting in the development of a microlitre titrator [12] of which a cross section is shown in figure 9 . The titrator vessel consists of a cavity of depth 80pm etched into a silicon cover, which is sealed on an array of ten ISFETS. Each ISFET gate area is surrounded by a thin-film gold electrode. The application of a current between two of these electrodes will result in the electrolysis of water if the cavity is filled with an electrolyte. The p H will thus be locally increased at one electrode and decreased at the counter electrode, both dpHs being measured by the corresponding ISFETS. At one ISFET the dpH is measured with respect to a third ISFET which is not positioned in the titrated area, using one of the free gold electrodes as a pseudo-reference electrode. In this way it appears to be possible to titrate an acid or a base within a few seconds: the ISFET is only used as a ~7ery fast pH-indicator electrode to determine the equivalence point of the coulometrically controlled titration.
Note that the signal of interest is no longer the value of a voltage but the value of an elapsed time after the onset of the coulometric current, which occurs within seconds, with chosen cell dimensions. Therefore drift problems no longer exist, while in addition the specific sensitivity of the ISFETS is no longer important.
Based on the experimental results achieved with the micro titrator as described above, a COz sensor with internal titration has also been developed [13] , as well as a dipstick titrator [ 141.
Immuno-mod$ed ISFETS with equilibrium disturbance
It has long been debated whether it would be possible to distinguish between the characteristic charge of an antibody/ antigen complex covering an ISFET and the charge of one of the separate constituents. This appears not to be possible using the immuno-modified FET (IMFET) in a static way. This problem is not caused directly by the ISFET drift behaviour. but is due to the porous structure of the membrane. including the proteins, which, moreover, are surrounded by neutralising counter ions, thus shielding any electric dipole that may exist and be modulated by a specific immunoreaction.
The existence of a porous membrane containing immobilised proteins with fixed charges and mobile counter charges can, however, be exploited using dynamic measurements [15] . If, at a certain p H differing from the isoelectric point of the protein (complex) immobilised in a membrane which covers the ISFET, a sudden change in the ionic concentration of the electrolyte is created, a temporary disturbance of the membrane potential will occur. This is the result of the effective mobility differences of cations and anions, determined by the value of the fixed charge density in the membrane. In the ISFET registration, this means that the static output voltage of the ISFET amplifier, determined by the p H of the electrolyte. shows a temporary disturbance with an amplitude which is related to the fixed charge density in the membrane. Because this charge density is a function of the p H of the electrolyte, the isoelectric point of the proteins can also be determined by gradually changing the electrolyte pH, as shown in figure 10 .
Similarly, the difference in isoelectric points of an antibody (or antigen) immobilised in the ISFET membrane and the "based chemical sensors antibodyiantigen complex after an immunoreaction can be determined.
Although the measuring procedure should be evaluated to achieve a practically usable IMFET for the direct monitoring of an immunological reaction, it will be clear at this point that the method is based on a non-equilibrium phenomenon. The ISFET is used to measure induced transient membrane potentials, which occur within seconds, preventing any problem with ISFET drift.
Conclusions
As described in § 1, the ISFET research and development efforts have, historically, been determined by comparison with the glass-membrane electrode, both theoretically and with respect to their applications, where the ISFET was seen as an alternative with a solid-state performance and of microdimensions. A serious drawback was encountered in the longterm drift, which is considerable compared with the drift of glass-membrane electrodes. Therefore ISFETS have been applied recently in cases where the fast response and the small dimensions are fully exploited in measuring methods where the drift behaviour is of minor importance.
